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the EyesLarval zebrafish lacking eyes and pineal organ showelevated activity levels and
undirected light-seeking behaviour upon loss of illumination. This behaviour,
termed dark photokinesis, is mediated by hypothalamic deep brain
photoreceptors expressing melanopsin.Kaspar P. Mueller
and Stephan C.F. Neuhauss
The proverbial man on the street would
unhesitatingly agree that the eyes
are the major site for light perception
in vertebrates. Indeed, they are the
only structure responsible for
image-forming vision and control
most observable visual behaviours.
There are, however, other
light-sensitive structures outside
of the eyes, which are much less
appreciated though common, at least
in nonmammalian vertebrates
(Figure 1). The best known example
is the pineal complex, which, in
nonmammalian vertebrates, is directly
light sensitive and governs circadian
entrainment of physiological functions,
including the linking of sleep–wake
cycles to light and dark periods [1,2].
In addition to the pineal complex,
dermal melanophores of
nonmammalian vertebrates contain
photoreceptors which control skin
colour depending on ambient light
levels [3]. And as early as the beginning
of the 20th century, behavioural
experiments in fish and birds had
already suggested the existence of
deep brain photoreceptors located
in the hypothalamus as a further site
for light perception in nonmammalian
vertebrates [4,5].
Considering the mostly
light-impermeable skull of vertebrates
and the location of the hypothalamus
deep within the brain, this certainly
would not be the first place to look
for light-sensitive structures.
Consequently, not only the existenceof deep brain photoreceptors, but also
their exact location within the brain,
their identity, and the light-sensing
pigments involved have been a matter
of debate for over a century. Some of
these questions have now been
definitively answered in a series of
elegant experiments, reported in this
issue of Current Biology by Fernandes
et al. [6]. These authors show that
zebrafish larvae lacking the
well-established light-sensitive
structures — eyes and pineal
organ — still react to a sudden loss
of illumination with an elevated
locomotor activity and an undirected
light-seeking behaviour. They further
demonstrate that this behaviour is
triggered by a group of neurons in
the preoptic area of the hypothalamus
and that the light-sensing pigment
responsible for mediating this reaction
is melanopsin.
Fernandes et al. [6] observed that
zebrafish larvae exposed to a sudden
loss of illumination, and simultaneously
presented a target light in one part of
their swimming arena, display some
distinct behaviours. First, they perform
an orientation maneuver (termed
O-turns) towards the target light.
Second, a series of slower turns
(termed R-turns) brings them closer
to the target light, where they finally
aggregate. Surprisingly, this behaviour
is not completely abolished if the larval
eyes are surgically removed. Such
enucleated larvae fail to perform
O-bends, and hence fail to orient
themselves towards the target light,
but they still display an increased rate
of R-turns which will ultimately let themaggregate in the illuminated portion
of the arena.
This aggregation is achieved in
a stochastic manner. Upon loss of
illumination, blinded zebrafish larvae
become hyperactive until they reach
the illuminated site by chance. At this
point, their activity decreases, thereby
‘trapping’ the larvae in a bright zone.
A robust measure for the hyperactivity
induced by a loss of illumination (dark
photokinesis) is the visual motor
response assay, where gross
locomotor activity of many larvae
in relation to the illumination can be
measured in parallel. Because
dark photokinesis can be triggered
in enucleated larvae, the pineal
organ — given its known light
sensitivity in teleosts — suggests
itself as the relevant structure and
thus was the first organ the authors
tested for its involvement in the
observed reaction. Surprisingly,
dark photokinesis could not be
abolished by a genetically targeted
ablation of the pineal complex,
neither in intact, nor in enucleated
larvae which accordingly lacked both
eyes and pineal organ.
Fernandes et al. [6] therefore
searched for visual pigments that
are expressed in neither the eyes
nor the pineal gland, as potential light
receptors mediating photokinesis.
They considered two promising
candidates: teleost multiple tissue
opsin a (tmtopsa) and the
invertebrate-like opsin melanopsin
4a (opn4a), both expressed in
a domain in the hypothalamus
defined by the orthopedia (otpa)
transcription factor. Indeed, dark
photokinesis was absent in otpa
mutant fish, a finding which was
confirmed by transgenic ablation of
otpa-expressing neurons. The
tmtopsa gene product could be
ruled out as a candidate, as its
level was not reduced in otpa
mutants; the authors thus concluded
that melanopsin expressed in
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Figure 1. Photosensitive structures in nonmammalian vertebrates.
Apart from the retina— the light-sensitive tissue in thebackof a vertebrate eye—photosensitive
structures and tissues in nonmammalian vertebrates include the pineal complex, deep brain
photoreceptors in the hypothalamus as well as dermal melanophores. Tel: telencephalon;
OT: optic tectum; Cer: cerebellum; Hyp: hypothalamus. Adapted with permission from [19].
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R913hypothalamic neurons must be the
light-absorbing pigment responsible
for triggering dark photokinesis. Their
conclusion was confirmed by their
demonstration that overexpression
of opn4a within the otp-domain leads
to an increase of dark photokinesis
in enucleated larvae. By further
ablation experiments, an involvement
of opn4a-expressing dopaminergic
cells of the hypothalamus could be
excluded, narrowing the region of
interest to the preoptic area of the
hypothalamus.
As mentioned earlier, the existence
of deep brain photoreceptors in the
hypothalamus of nonmammalian
vertebrates was already suggested
at the beginning of the 20th century.
The suggestion was made by none
other than the celebrated Austrian
ethologist and Nobel prize laureate
Karl von Frisch (1886–1982), who
observed that Eurasian minnows
(Phoxinus phoxinus) still display
colour changes of their skin in
response to light after removal of the
eyes and the pineal organ [5]. Based
on these findings, von Frisch
proposed the existence of some
‘deep-diencephalic photoreceptors’,
a hypothesis corroborated by
experimental findings in the European
eel (Anguilla anguilla), showing
photonegative behaviour in the
absence of eyes and pineal organ [7].
Evidence for the existence of
photoreceptive cells within the
hypothalamus was also collected in
birds, by showing that in blinded ducksand sparrows, testicular growth
can be induced by illuminating the
hypothalamus [4,8–10].
Since these early studies, the
existence of so-called deep brain
photoreceptors has been
demonstrated in a number of
nonmammalian vertebrate species
and, more recently, also in neonatal
rats and mice [11,12]. Deep brain
photoreceptors have been mainly
implicated in the regulation of circadian
and circannual physiology, for
example in reptiles for the entrainment
of circadian rhythms of locomotor
activity to light–dark cycles [13–15]
and in the control of seasonal
breeding or migratory behaviour in
birds [16,17], but also in the control
of light-seeking or light-avoiding
behaviour in reptiles and neonatal
mammals [7,11,12]. Even though
behavioural evidence for the existence
of deep brain photoreceptors was
collected over the years in a number
of different species, their exact
location and their photopigment were
unknown until now. We had to wait
for over a century after the seminal
work of von Frisch and his suggestion
of deep brain photoreceptors, until the
ingenious combination of exploiting
the genetic and behavioural strength
of the zebrafish model provided
evidence for both the location
and the nature of the deep brain
photoreceptors. Fernandes et al. [6]
have for the first time assigned the
location of these receptors to
a group of neurons in the preoptichypothalamus and unequivocally
determined that melanopsin
mediates light perception. At the
same time, the authors provide
an explanation for the thus far
puzzling observation that zebrafish
larvae at 28 hours post–fertilization
already react to the offset of light
by increasing their locomotor
activity — notably at a developmental
stage even before the first ganglion
cell axons exit the retina and
hence the eyes are unerringly
nonfunctional [18].
These are indeed exciting times for
ethologists to see the field evolving
into true neuroethology with the
opportunity to unravel a connection
between behaviour and well defined
neurons in the brain.References
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Less Specialised?Species richness increases from the poles to the tropics, which has led to the
view that interactions in tropical species are more specialised. A new study on
pollinators and seed dispersers finds that tropical interactions are in fact less
specialised.Jeff Ollerton
The tropics are special, as anyone who
has undertaken field investigations
between the latitudes of Cancer and
Capricorn knows all too well. The
sheer diversity of species and the
abundance of plant life, together with
their unusual (at least to European
eyes) colours and forms, impressed
the earliest explorers of Africa, Asia
and the Americas. It was quickly
recognised that many more species
could be found in the tropics
compared to equivalent temperate
habitats, and the trend of the number
of species increasing with latitude is
the most fully researched question in
biogeography [1], even though it is
still not clear what causes it. In
contrast, much less is known about
if and how species interactions
change with latitude, despite such
interactions forming the basis of
community structure and ecosystem
functioning. Theoretical musings
in the 1960s by researchers such
as Janzen and MacArthur [2,3]
proposed that tropical species
should be more specialised
in their interactions, for example
a herbivorous beetle eating only one
type of food plant or a flowering
plant having only a single pollinator.
The argument was that individual
ecological niches should be
narrower in tropical communities that
are densely packed with species.Rather surprisingly, few ecologists
bothered to actually test these
assumptions before the turn of the 21st
century, perhaps because ‘everyone
knows’ that tropical ecological
interactions are more specialised. I
suspect that these assumptions were
fuelled by television and glossy book
accounts of the wonders of tropical
rainforest though that’s a difficult
assertion to test. Now a paper by
Schleuning and colleagues [4] in
a recent issue of Current Biology has
turned our assumptions about tropical
specialisation on their head and will
surely generate further research into
this question.
A thorough assessment of the
literature in 2002, covering both
marine and terrestrial realms,
uncovered only a handful of papers
devoted to the question of whether
tropical species were more
specialised [5]. These studies found
mixed results: in some, tropical taxa
were more specialised, in others, no
such pattern was found [6–8]. This
paper and a second one [9] also
dealing with latitudinal trends in
plant-pollinator interactions seemed
to re-ignite interest in the topic.
Since then, attention to the
subject has been steadily
increasing [10–14].
In their study, Schleuning et al. [4]
investigated ecological networks of
interacting species rather than
focussing only on pair-wiseinteractions as has been done in
some previous studies. Network
approaches to studying pollination
and seed dispersal have become
popular over the past decade with
the development of ever more
sophisticated statistical tools for
assessing complex assemblages
of species. Schleuning and colleagues
[4] examined the number of animal
partners (pollinators or seed
dispersers) of each plant and the
range of plants used by the animals in
a large set of communities spanning
the globe. They were searching for
the expected signal that tropical
networks are overall more specialised,
with fewer partners per species,
than those at higher latitudes. What
did they find? Both plant-flower visitor
and plant-seed dispersal systems are
actually less ecologically specialised
in the tropics compared to the
temperate regions.
This result was wholly
unprecedented both theoretically
and intuitively. Although some
previous work had suggested that
tropical interactions were no more
specialised than in other zones
[5,10], this paper goes much further
by suggesting that the trend is the
reverse of that predicted. It will
certainly fuel much discussion of
the question of how interactions
vary over global scales. Particularly
as the authors suggest that in
temperate ecosystems, functions
such as seed dispersal and pollination
may be more sensitive to the loss
of species, compared with tropical
ecosystems.
The topic of latitudinal trends in
species interactions is prone to
methodological problems, largely
because in most cases the data to
address the questions have not
been collected specifically for that
